Focused ultrasound (FUS) is a technology capable of delivering therapeutic levels of energy through the intact skull to a tightly localized brain region. Combining the FUS pressure wave with intravenously injected microbubbles creates forces on blood vessel walls that open the blood-brain barrier (BBB). This noninvasive and localized opening of the BBB allows for targeted delivery of pharmacological agents into the brain for use in therapeutic development. It is possible to use FUS power levels such that the BBB is opened without damaging local tissues. However, open questions remain related to the effects that FUS-induced BBB opening has on brain function including local physiology and vascular hemodynamics. We evaluated the effects that FUS-induced BBB opening has on resting state functional magnetic resonance imaging (rs-fMRI) metrics. Data from rs-fMRI was acquired in rats that underwent sham FUS BBB vs. FUS BBB opening targeted to the right primary somatosensory cortex hindlimb region (S1HL). FUS BBB opening reduced the functional connectivity between the right S1HL and other sensorimotor regions, including statistically significant reduction of connectivity to the homologous region in the left hemisphere (left S1HL). The effect was observed in all three metrics analyzed: functional connectivity between anatomically defined regions, whole brain voxel-wise correlation maps based on anatomical seeds, and spatial patterns from independent component analysis. Connectivity metrics for other regions where the BBB was not perturbed were not affected. While it is not clear whether the effect is vascular or neuronal in origin, these results suggest that even safe levels of FUS BBB opening have an effect on the physiological processes that drive the signals measured by BOLD fMRI. As such these effects must be accounted for when carrying out studies using fMRI to evaluate the effects of pharmacological agents delivered via FUS-induced BBB opening.
Introduction
Focused ultrasound (FUS) can be used to disrupt the blood-brain barrier (BBB) in a way that is non-invasive, spatially localized, and safe. This is achieved through the interaction of burst mode FUS with intravenously injected microbubbles (Hynynen et al., 2001 ). FUS applied through the intact skull can deliver energy focused to a few millimeters in extent anywhere from the cortex to deep lying structures. Circulating microbubbles that enter the FUS pressure field undergo rapid expansion and contraction, creating forces strong enough to disrupt the tight junctions of the cells in vessel walls and thereby open the BBB. Circumventing the BBB in this way overcomes a major hurdle in drug delivery to the central nervous system. FUS-induced BBB opening has been used to deliver a wide range of therapeutic agents into the brain (Aryal et al., 2014; Leinenga et al., 2016; Meairs, 2015) and is currently entering clinical trials for treatment of brain tumors, Alzheimer's disease, and Amyotrophic Lateral Sclerosis.
Animal studies have shown FUS BBB opening to be safe from the standpoint of being able to achieve permeablization of the BBB without causing damage to tissue cells that is detectable on histology (Downs et al., 2015b; Kobus et al., 2016; McDannold et al., 2012) . However, recent research has shown that FUS BBB opening may have other effects on local physiology. Investigators are looking into whether FUS BBB opening initiates an immune response, modulates neuronal activity, or changes vascular hemodynamics (Chu et al., 2015; Downs et al., 2015a; Kovacs et al., 2017a) . Any effects that FUS BBB opening may have on neuronal function are critically important to understand. From a safety standpoint, potential changes to neuronal function must be assessed for severity and longevity to determine any risk of harm to patients. From an applications standpoint, studies delivering a pharmacological agent designed to affect brain function must account for the possible additional neuronal modulation caused by the FUS BBB opening itself. Additionally, if FUS BBB opening does effect neuronal function, it may be possible to harness that effect for intentional manipulation of brain activity.
Functional magnetic resonance imaging (fMRI) is a noninvasive technique that can map neuronal activity in the brain at a neurosystems level. It provides information over the entire brain with millimeter-scale spatial resolution on how the brain responds to an external stimuli, which brain regions are active during a particular task, and how different brain regions are functionally connected even in the absence of a task. This allows multiple and spatially distant brain regions to be evaluated simultaneously and can reveal if functional activity in one region is propagated to another region. Using rs-fMRI, it has been shown that functional connectivity patterns between spatially distinct regions exist in the rat brain which mirror those found in humans. This includes a default mode network (Lu et al., 2012) , bilateral functional connectivity in the motor, somatosenory, visual, and auditory cortices, and several sub-cortical regions (Becerra et al., 2011; D'Souza et al., 2014; Hutchison et al., 2010) .
In this study, we use rs-fMRI to investigate the effects that FUS BBB opening has on functional connectivity in the rat brain. Rats underwent either sham or actual FUS BBB opening targeted unilaterally to the right primary somatosensory cortex hindlimb region (S1HL). rs-fMRI data was collected and analyzed using functional connectivity between anatomically defined regions, whole-brain connectivity maps based on seeds in anatomically defined regions, and spatial connectivity patterns based on independent component analysis (ICA) that has no a priori knowledge of anatomical connectivity. These methods are sensitive to changes in both local and long-range functional connectivity and provide information about functional networks throughout the brain. We hypothesized that FUS BBB opening in the right S1HL region would affect local functional connectivity, functional connectivity to the contralateral hemisphere, but not the functional connectivity within other anatomically distinct brain networks.
Methods

Animal preparation
All experiments were done in accordance with procedures approved by the Brigham and Women's Hospital Institutional Animal Care and Use Committee. The animals were housed, fed, and watered according to the Office of Laboratory Animal Welfare and the Association for Assessment and Accreditation of Laboratory Care regulations. Male Sprague Dawley rats were used for all experiments (257-384 g). At the start of each experiment, the rats were anesthetized with one dose of ketamine and xylazine (K ¼ 80 mg/kg, X ¼ 10 mg/kg, intraperitoneal injection). The head of the rat was shaved and depilatory cream was applied to remove all fur for optimal ultrasound coupling. A tail vein catheter was placed for administration of microbubbles and MRI contrast. All imaging was performed in a 7 T Bruker BioSpec small animal MRI scanner (Bruker Corp., Billerica, MA, USA). Experiments were carried out for N ¼ 10 rats in both the BBB closed and BBB open cohorts.
FUS blood-brain barrier opening
FUS induced opening of the BBB was targeted to the right primary somatosensory cortex hindlimb region (S1HL). The center of the FUS focus was placed such that minimal subcortical regions were affected and the energy was confined to the right hemisphere only. The FUS power level was set based on previous experience and literature values (Chu et al., 2015; McDannold et al., 2008 ) so as to induce BBB opening but not cause observable damage to the local tissue.
The rat's head was fixed in a custom made holder that slots into the bed of an in-house made MRI-compatible FUS system. The FUS system consists of a 690 kHz single element focused ultrasound transducer (4.0 cm diameter, 3.5 cm radius of curvature), a single element passive cavitation detector, a three-axis manual positioning system, and a transmit/receive MR RF coil. The rat was coupled to the ultrasound transducer by placing it upside down with its head in a bath of degassed and deionized water. The focused ultrasound sonications were applied using a function generator (33220A, Agilent), amplifier (240L, E&I) and custom Matlab user interface.
Targeting of FUS energy to the right S1HL was done in two steps. First, a 10 s FUS sonication was applied to a silicone gel phantom, creating a hotspot detectable by MRI temperature-sensitive imaging which provided the location of the FUS focal point in the MRI coordinate system. Then, the rat was placed on the system and structural imaging was performed to allow visual identification of the right S1HL in MRI coordinates. The FUS transducer was moved such that the center of the focus would lie at the location of the right S1HL.
To achieve BBB opening, repeated bursts of FUS sonications were applied immediately after injection of microbubbles (200 μL/kg bolus injection of Optison, GE Healthcare). FUS sonication parameters were 10 ms bursts, 1 Hz repetition frequency, and 120 repeats. Five sets of sonications were applied over a 2 Â 2 mm square (4 corners and one in the middle) to ensure coverage of the right S1HL region. Applied FUS power levels were fixed for each rat at either 0.32 or 0.34 MPa (peak negative pressure calibrated in water). These pressures were tested previously in mice and found no immediate significant tissue damage (McDannold et al., 2017) . The passive cavitation detector was used to monitor the behavior of the microbubbles interacting with the ultrasound field, ensuring that stable cavitation was taking place but inertial cavitation was not . A warming blanket was used throughout the BBB opening process to maintain body temperature and the rat's breathing rate was continuously monitored. T1-weighted images obtained after administering an MRI contrast agent show the extent and location of BBB opening in each individual rat (Fig. 1 ).
Functional MRI
After BBB opening, the rat was removed from the FUS system and set up in the conventional Bruker animal holder. The rat was laid prone and its nose was inserted into a nose cone for head immobilization and delivery of isoflurane and oxygen. A line was inserted into the rat's abdomen for subcutaneous injection of Dexdomitor (Dexmedetomidine; Orion, Espoo, Finland) (Adamczak et al., 2010) and a 2 cm diameter surface coil was placed over the rat's head. A warming blanket was used to maintain body temperature, and breathing rate was monitored throughout. Once the rat was set up, a bolus injection of Dexdomitor was given (0.025 mg/kg) and delivery of 0.25% isoflurane in 60% oxygen enriched air was started. This low level of isoflurane was kept constant throughout the remainder of the experiment, and periodic infusions of Dexdomitor were given as needed to keep the rat in a stable physiological state (Brynildsen et al., 2017; Paasonen et al., 2018) . The resting state imaging run took place approximately 40 min after the end of BBB opening. This was observed to be enough time to allow physiological levels to stabilize but is still well within the~4 h time window that the BBB remains open after FUS sonication (Park et al., 2012) .
All fMRI data were acquired with a 2D single-shot gradient echoplanar imaging (EPI) sequence. Sequence parameters were: 3.2 Â 3.2 cm field of view; 64x64x18 imaging matrix; 0.5 Â 0.5 Â 1.0 mm resolution; 18 slices with 0.2 mm slice gap; TR ¼ 1500 ms; TE ¼ 18 ms; Flip Angle ¼ 65
; four dummy scans prior to data acquisition; 300 image volumes acquired in 7 min and 30 s. Prior to the fMRI runs, main field homogeneity was optimized using the Bruker MAPSHIM protocol and an anatomical image was acquired with a T2-weighted RARE sequence (0.3 Â 0.3 Â 0.5 mm resolution; 60 axial slices with no slice gap; TR ¼ 6500 ms; TE ¼ 50 ms). For rats that underwent FUS BBB opening, contrast imaging was done with a T1-weighted RARE sequence (0.3 Â 0.3 Â 0.6 mm resolution; 18 coronal slices with 0.4 mm slice gap; TR ¼ 609 ms; TE ¼ 18 ms) before and after injection of Gd-DTPA (Magnevist, 0.25 mL/kg). The contrast images were converted to percent signal change, coregistered to the anatomical image and normalized into the template space (as described below). These images were acquired at the end of the experiment so that no contrast agent was given prior to the rs-fMRI runs.
Anatomical atlas and seed regions
A set of anatomical brain regions were created in the normalized MRI space based on the rat brain atlas of Paxinos and Watson (Paxinos and Watson, 2005) . 34 total regions were chosen, which covered almost all of the cortex and some subcortical areas. There were 16 bilateral regions consisting of left and right: primary visual cortex (V1), secondary visual cortex lateral area (V2L), secondary visual cortex medial area (V2M), primary auditory cortex (Au1), fields CA1, CA2 and CA3 of the hippocampus (Hipp), the lateral and posterior areas of the hypothalamus (HyTh), the ventral posterolateral and ventral posteromedial thalamic nuclei (Thal), primary somatosensory cortex trunk region (S1Tr), Fig. 1 . Extent of BBB opening for all rats. A) T1-weighted contrast images showing the BBB opening for each of the ten individual rats in the BBB Open cohort. The images have been converted to percent difference between pre-and post-contrast injection. B) Sum of binary T1-weighted contrast masks over all ten rats overlaid on a T2-weighted image. Color scale indicates number of rats with a contrast change of greater than 4%. primary somatosensory cortex barrel field (S1BF), primary somatosensory cortex hind limb region (S1HL), primary somatosensory cortex front limb region (S1FL), secondary somatosensory cortex (S2), primary somatosensory cortex jaw region (S1J), primary motor cortex (M1), the dysgranular and granular insular cortex (Ins), and the caudate putamen (CPu). There were two regions on the midline of the brain: retrosplenial cortex granular a and b (RSC), and the cingulate cortex areas 1 and 2 (Cing). All regions are shown in Fig. 2 , overlaid on a T2-weighted anatomical image.
Within each anatomically defined area, a smaller seed region of interest (ROI) was defined. The center of the seed ROI was manually located in the center of the anatomical area. Each seed ROI was a sphere of diameter 1.25 mm and comprised of 31 voxels in the normalized EPI image space.
Data processing
All fMRI images were pre-processed using SPM12 (SPM12, 2014) and custom Matlab scripts (R2014b, Mathworks, Natick, MA, USA). The T2-weighted anatomical image was segmented in SPM12 using the template of Valdes et al. (Vald es-Hern andez et al., 2011) . Using SPM12, the EPI images were slice time corrected, realigned, coregistered to the anatomical image, normalized to the template space, and spatially smoothed with a Gaussian filter of 0.8 Â 0.8 Â 0.8 mm FWHM. Using custom Matlab scripts, the data were further temporally filtered (bandpass 6 th -order Butterworth filter from 0.01 to 0.1 Hz), the motion correction time courses from realignment were regressed out, and a mean signal averaged over only voxels in white-matter was also regressed out. Finally, the mean signal over time from each individual voxel was calculated and subtracted out on a voxel-by-voxel basis.
Connectivity matrices were computed to summarize the resting state functional connectivity between every pair of the 34 seed ROIs. The BOLD signal time course was spatially averaged over each seed ROI. For each of the 10 rats in the BBB closed and BBB open cohorts, the time courses from each seed ROI were correlated with the time course of every other seed ROI to obtain a Pearson's R correlation coefficient. These correlation values were summarized into a 34 Â 34 correlation matrix for each rat. Whole brain seed-based correlation maps were computed for each seed ROI for each rat in the BBB closed and BBB open cohorts. The spatially averaged BOLD signal time course from a seed ROI was correlated with the individual-voxel time course from every other voxel in the brain. The resulting correlation maps were averaged over the ten rats and thresholded at a correlation value of 0.2.
Finally, independent component analysis (ICA) was performed as a way of analyzing the data without any prior knowledge of anatomical regions. Group ICA was performed using the GIFT software package (Calhoun et al., 2001) . First, data reduction was done in two steps doing principle component analysis (PCA) on the individual data sets first and then a second PCA reduction step on the concatenated group data. ICA was performed on the reduced data sets using the Infomax algorithm. Different runs were performed with the number of components fixed to 20, 40, 60, and 80. The main results shown are from using 40 components, and a comparison over the four different numbers of components used is also provided. The spatial ICA components were assigned to a particular anatomical region according to their average value in each of the 34 seed ROIs.
Statistical analysis
Analysis was performed to determine if statistically significant differences existed in the functional connectivity measurements between the BBB Closed and BBB Open cohorts. The Fisher Z-Transformation was applied to the Pearson R correlation coefficients in order to obtain normally distributed data. An unpaired t-test was used to determine significant differences between the correlation values for the BBB Closed and BBB Open cases (18 degrees of freedom). P-values are presented after undergoing correction for multiple comparisons using the false discovery rate method (p < 0.05) (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2005) . The mean of the correlation values over all rats was calculated for display in figures.
Results
The functional connectivity matrices for the cases of BBB closed and BBB open are shown in Fig. 3 . These matrices summarize the functional connectivity strength between every pair of the 34 anatomical regions. The anatomical regions are organized into classes of sensorimotor, insula, auditory/visual, subcortical, and midline. Bilateral regions are positioned with the left and right region next to each other. In general, the sensorimotor, auditory/visual, and subcortical regions have the strongest connections to other regions within their same class, and homologous regions have strong connections between their left and right regions. The overall pattern of the connectivity matrices for the BBB closed and BBB open cases are similar, with only 6 cases of significantly different connectivity values surviving correction for multiple comparisons, including the connectivity between the right and left S1HL regions (p < 0.05, corrected for multiple comparisons). Fig. 4 highlights the major differences between the two connectivity matrices seen in the functional connectivity from the right S1HL region to other sensorimotor regions. The plots show correlation values between the right and left S1HL seed ROIs and all other seed ROIs (mean and standard error over all rats), directly comparing the BBB closed vs BBB open cases. When the BBB is open, the right S1HL region has reduced connectivity to several other sensorimotor and auditory/visual regions. This is not the case for the left S1HL region, which was not targeted for BBB opening. For the left S1HL region the only significant reduction is with the right S1HL ROI.
A second comparison of functional connectivity values for the right and left S1HL regions between BBB closed and BBB open cases is shown graphically in Fig. 5 . Only the connections to other sensorimotor regions are shown, with the strength of connection represented by the thickness of the line. The graphical connectivity highlights that the left S1HL connectivity is largely unchanged when the BBB is open, whereas the connectivity from the right S1HL to both ipsilateral and contralateral sensorimotor ROIs is markedly reduced. Fig. 6 provides further evidence that FUS BBB opening is the cause of the reduction in functional connectivity between the left and right S1HL regions. The scatter plots shows the correlation values between the left and right S1HL ROIs. For the BBB closed case, they are plotted as mean and standard error over all rats; for the BBB open case, they are plotted individually as a function of the percent difference in the T1w Gadolinium images within the right S1HL ROI. The correlation coefficients are negatively correlated with the Gadolinium differences (R ¼ À0.44), Fig. 5 . Connectivity graph for left and right S1HL regions to all other sensorimotor regions. The strength of correlation between two regions is represented by the thickness of the line connecting them. A general decrease in connectivity is seen for the S1HL R region when the BBB has been opened. Fig. 6 . Functional connectivity as a function of the extent of BBB opening. The scatter plot shows the correlation values between the right and left S1HL regions as a function of Gadolinium change seen in the right S1HL region. For the BBB closed cases, the Gadolinium change was not measured and is assumed to be zero, and the correlation coefficients are plotted as mean and standard deviation over all ten rats. The correlation coefficients for the BBB open cases appear to be lower when the BBB is opened to a greater extent (correlation value is R ¼ À0.44).
implying that stronger BBB opening leads to less functional connectivity.
Seven different whole brain seed-based correlation maps are shown in Fig. 7 , comparing cases of BBB closed vs BBB open. The seed time courses were taken from the ROIs in the right M1, right S1HL, right S1BF, right Au1, right V1, right CPu, and cingulate regions. When the BBB is closed, the correlation maps for the first six ROIs show clear bilateral connectivity patterns. The last ROI, the cingulate, is known to be a part of the default mode network and shows a connectivity pattern similar to what others have shown for the rat default mode network (Lu et al., 2012) . When the BBB is open, all of the correlation maps appear qualitatively similar to the BBB closed maps, with the exception of the right S1HL seeded map. For the right S1HL map, there is a clear reduction in the bilaterality of the connectivity pattern. Fig. 8 shows the seven different spatial ICA components that most closely correspond to the seed-based correlation maps above. As with the seed-based correlation maps, these ICA components show clear bilateral patterns for each of the first six regions when the BBB is closed. For the cingulate, there is a clear pattern covering the cingulate region, but the spatial pattern does not extend to the auditory/visual regions that are a part of the default mode network and were seen in the seed-based correlation maps. When the BBB is open, the spatial patterns of connectivity are very similar for the last five regions shown but there are clear differences for the M1 and S1HL regions. The connectivity pattern for the M1 region is reduced in both extent and strength. For the S1HL region, the bilaterality of the pattern is substantially reduced. For the BBB open case, there was a separate ICA component identified for the left S1HL region that was distinct from the right S1HL component shown here. This was not the case for the BBB closed data.
A comparison of ICA results using 20, 40, 60 or 80 components is shown in Fig. 9 . The spatial ICA components were assigned to the most closely matched anatomical region. For ICA 20 and ICA 40, a single ICA component was picked out to cover both the left and right S1HL regions when the BBB was closed. When the BBB was open, ICA 20 and ICA 40 picked out two distinct components for the left and right S1HL regions. Using a larger number of components in the ICA 60 and ICA 80 analysis, separate components are picked out for the left and right S1HL regions for both the BBB closed and BBB open cases. However, the bilaterality of the components appears to be stronger for the BBB closed cases. Fig. 7 . Seed based correlation maps. Whole brain correlation maps are shown using seeds from seven different anatomical locations, comparing BBB closed and BBB open cases. Mean correlation over all rats is shown. Strong bilateral correlations can be seen in all cases except for S1HL R when the BBB is open. In this case, the correlation to the left hemisphere is much reduced compared to the BBB closed case. Fig. 8 . ICA based connectivity maps. Seven ICA components are shown, organized according to which anatomical location they most closely match. Both the M1 and S1HL components show differences between the BBB closed and BBB open cases. When the BBB is open, the component most closely corresponding to the M1 region is much weaker, and the component most closely corresponding to S1HL R is almost entirely unilateral. Fig. 9 . Spatial components assigned to the right and left S1HL region when ICA was run using 20, 40, 60, or 80 as the number of fixed components. One further experiment was performed to investigate the time duration of the reduced connectivity between the left and right S1HL regions after BBB opening. Fig. 10 shows functional connectivity results from one rat acquired on the day of BBB opening, and 1 day, 3 days, and 7 days post-sonication. Fig. 10A plots the correlation coefficient between the left and right S1HL region as a function of days from sonication. The full connectivity matrices are shown in Fig. 10B , and seed-based correlation maps using the right S1HL as the seed are shown in Fig. 10C . Together the results show reduced connectivity on the day of BBB opening as expected, followed by recovery towards the pre-sonication state that may be as fast as 24 h.
Discussion
We report that FUS-induced disruption of the BBB targeted to the right S1HL region of the somatosensory cortex in Sprague Dawley rats reduces the functional connectivity between that region and several other sensorimotor regions. Some of the regions experiencing reduced connectivity are in the ipsilateral hemisphere and physically adjacent to the right S1HL. However, the region experiencing the most pronounced reduction in connectivity is the physically distant left S1HL in the contralateral hemisphere. The connectivity reduction was seen by comparing the resting state BOLD signal time courses from seeds in right and left S1HL regions. Importantly, this disassociation of the two regions was also picked up by the ICA analysis, which does not use any anatomical information.
FUS BBB opening and local effects on S1HL
Several pieces of evidence indicate that the FUS BBB opening did not cause any damage to tissue at the targeted site. We did not observe any abnormalities in T2-weighted MRI. Histology with hematoxylin and eosin staining was done on two of the rats and no indication of damage to neuronal cells was seen in either hemisphere of the cortex (Fig. 11) . In the scatter plot of Fig. 6 , these two rats were at points (5.9, 0.13) and (6.2, 0.16). These values correspond to the lower end of T1w contrast change, but have two of the lowest correlation values. The FUS peak negative pressure at the focus was approximately 0.3 MPa (0.4 mechanical index), which is in line with what others have used to open the BBB without seeing damage (Chu et al., 2015; McDannold et al., 2017) . The data presented in Fig. 10 suggests that the effect is resolved over a matter of days, which is not indicative of damage to tissue. In evaluating the BOLD signal time courses in the right S1HL ROI, the frequency power spectrum values appear somewhat reduced in the range of 0.01-0.03 Hz for the BBB open data compared to the BBB closed data. Additionally, comparison of the temporal standard deviation of the BOLD signal time course shows somewhat lower values in the right S1HL for the BBB open case. However, the differences rise to the level of statistical significance for only one point in the frequency power spectrum, and no significant differences in the temporal standard deviation were seen (Fig. 12) . Finally, the ICA analysis for the BBB open data still picks out as one of its 40 spatial components a region that corresponds to the right S1HL, indicating that there is still considerable spatial/temporal structure in Fig. 11 . Histology after BBB opening. The two row shows the contrast difference image and hematoxylin and eosin staining from two different rats. Regions from the right and left somatosensory cortex are shown at 1.25x, 10x, and 40Â magnification. No signs of damage to neuronal cells were seen in either rat. those time courses. If the vasculature was damaged and the BOLD signal in the right S1HL was dominated by thermal noise, the ICA would not pick it out as a component. Nevertheless, further examination with additional histological techniques (Kovacs et al., 2017b; McMahon and Hynynen, 2017) at later times are needed to rule out tissue effects we may have missed.
Possible factors leading to reduced connectivity
This study is not able to determine the underlying reason why FUS-BBB opening leads to a temporary reduction in functional connectivity. The BOLD signal that rs-fMRI measures is driven by a complex combination of neuronal activity, neurovascular coupling signaling mechanisms, and vascular hemodynamics. Modulation of neuronal activity is possible. However, Chu et al. recorded somatosensory evoked potential measurements after performing FUS-BBB opening at similar power levels and did not see any change (Chu et al., 2015) . It has been shown that FUS-BBB opening can induce vasoconstriction (Cho et al., 2011) . In that study, the measured vessel diameter decreased after FUS-BBB opening, but then returned to its baseline full width at maximum value in less than a few hundred seconds, which is much faster than the approximately 40 min between FUS-BBB opening and rs-fMRI measurements done in this study. It is also known that FUS-BBB opening can induce an inflammatory response in the local brain tissue (Kovacs et al., 2017b) , particularly when large microbubble doses are used (McMahon and Hynynen, 2017) . In the Kovacs et al. study, most markers of inflammation persisted for at least 6 h. It may be that the agitation from the FUS sonication and accompanying inflammatory response perturbs the neurovascular signaling mechanisms or hemodynamic response out of their ordinary state. This is speculation at this point and further investigation into the underlying cause is warranted.
BBB disruption and brain networks
Focal changes in brain function can lead to non-local alteration of resting state networks and functional connectivity. For example, Parkinson's disease is characterized by a loss of dopaminergic neurons in the substantia nigra which has been shown to lead to changes in corticostriatal functional connectivity (Baudrexel et al., 2011) and also more distant alterations to the attentional network, the motor network and the default mode network (Sala et al., 2017; Wu et al., 2009) . Similarly, resting state fMRI studies of localized stroke have shown that inter-hemispheric connectivity is reduced between the lesion site and the corresponding region in the contralateral hemisphere (Golestani et al., 2013; van Meer et al., 2010) . The FUS BBB disruption performed for this study does not damage neurons as in the case of Parkinson's disease or stroke. But it very possibly induces other changes that would affect neuronal function or the BOLD signal.
The disruption of functional connectivity or the reorganization of functional networks is most often associated with the negative outcome of a transformation in the brain from a normal state to a diseased state. In addition to Parkinson's disease and stroke, changes in functional networks have also been seen in many other neurological disorders such as Alzheimer's disease, schizophrenia, and depression (Greicius, 2008; Rombouts et al., 2005) . Changes in functional connectivity due to FUS BBB opening therefore warrant caution and further investigation, particularly into the duration of the effect. However, alteration of functional networks can also be used as a therapeutic tool where deliberate interventions are designed to drive a diseased brain state back towards the normalized state. For example, resting state fMRI is one way to measure the efficacy of transcranial magnetic stimulation treatments of depression (Fox et al., 2012a (Fox et al., , 2012b Keeser et al., 2011) . Due to its non-invasive and localized nature, FUS may be able to play a similar role.
Caveats
This study was limited in that it only acquired resting state fMRI data at one time point after FUS BBB opening. It is therefore not clear how long the effects of reduced functional connectivity last. After FUSinduced opening, the BBB re-closes over several hours (Marty et al., 2012; Park et al., 2012) . It is possible that the functional connectivity effects follow this duration, but they may also persist for hours or days after the BBB has closed, depending on what underlying mechanism is responsible for the effect. In this study, half of the BBB closed sets (N ¼ 4) were acquired after a previous BBB open experiment had been performed on the same rat at least one week prior. The numbers are too small for reliable statistics, but no clear differences were seen between the BBB closed data sets that had previous opening versus those that did not. This puts an upper limit of one week on the duration of the functional connectivity reduction effects.
Conclusion
Focused ultrasound mediated opening of the blood-brain barrier is an exciting technology that enables non-invasive targeted drug delivery to the brain. Much work has been done to establish a safe window of parameters that produce BBB opening but do not cause tissue damage. However, it is clear that FUS BBB opening also produces several secondary effects that are not well understood including the initiation of an immune response, changes to vascular hemodynamics, and possibly suppression of neuronal activity. In this study we used resting state fMRI as a way of investigating these secondary effects. Our results indicate that a reduction in functional connectivity from the targeted area to other local and interhemispheric regions is correlated with the extent of BBB opening. Further investigation is needed to fully understand these secondary effects. This will help ensure patient safety as this technology moves into the clinic and possibly enable novel applications of FUSmediated BBB opening. show the standard deviation of the signal time course from the same region (arbitrary units, mean and standard deviation over all rats). Significant differences between power spectrum values for the BBB closed and BBB open cases at a particular discrete frequency are indicated by * (p < 0.05, corrected for multiple comparisons). No significant differences were seen in the standard deviation comparisons.
